Induction of apoptosis by adenovirus E1A in rodent cells is stimulated by wild type (wt) p53 but completely suppressed by mutated p53. The suppression is overcome by coexpression with Id proteins (Ids). The cells expressing E1A and Ids undergo apoptosis after accumulation in S phase, suggesting that S phase events are perturbed by E1A and Ids. The E1A domains required for induction of apoptosis, analysed by transfection with expression vectors for E1A, Ids and their mutants, followed by¯ow cytometry, reside in Nterminal (positions 17 ± 38), CR1 and CR2 regions. Interaction of E1A with Ids requires the N-terminal and CR1 regions. The cyclin D1 promoter activity in S phase was reduced severely by E1A and this reduction is caused through CR1 and CR2 regions required for interaction with pRB. Analysis of DNA synthesis in G 2 /M arrested cells indicated that E1A is capable of inducing 44 N cells and this E1A-mediated DNA rereplication is enhanced by coexpression with Id-1H. The E1A domains required for induction of DNA rereplication coincide with those required for apoptosis.
Introduction
The adenovirus E1A gene product (E1A) has function to induce cell proliferation and death and to inhibit cell dierentiation in many cell types. The domains required for induction of apoptosis have been shown to reside in the N-terminus and the conserved region (CR) 1 (White et al., 1991; Mymryk et al., 1994) . The requirement of CR2 is obscure and E1A mutant lacking the LXCXE sequence essential for binding to pRB could induce apoptosis but to less extents as compared with wild type (wt) E1A (Mymryk et al., 1994) . What functions of these domains elicit apoptosis are still unknown. Induction of apoptosis by E1A is accompanied by the increase in the level of p53 (Debbas and White, 1993; Lowe and Ruley, 1993; Nakajima et al., 1995) and is stimulated in p53 null cells by exogenous expression of p53 (Tsunoda et al., 1999) . In contrast, induction of apoptosis by E1A is completely suppressed by mutated p53, but the suppression can be overcome by coexpression with Id proteins (Ids) (Nakajima et al., 1998) . These results suggest that E1A is capable of inducing apoptosis independent of p53, but the induction is strongly in¯uenced by p53 and presumably by other factors including Ids. Ids (inhibitor of dierentiation or DNA binding) are HLH proteins lacking a basic region and function as dominant negative regulators of bHLH proteins through the formation of heterodimers. Ids also act as positive regulators of cell proliferation and antagonize growth suppressive function of bHLH proteins (Norton et al., 1998) .
In the present study, the E1A domains required for induction of apoptosis were analysed by cotransfection of cells with combinations of expression vectors for E1A, Ids and their mutants followed by¯ow cytometry. The domains required for repression of the cyclin D1 promoter activity and induction of DNA rereplication in G 2 /M arrested cells were also analysed to inquire the correlation between induction of apoptosis and S phase events that might be altered, since EId10 cells expressing E1A and Ids undergo apoptosis after accumulation in S phase. E1A and Ids more or less inhibit cyclin D1 expression (Ishii et al., 1993; Lasorella et al., 1996) , and cyclin D1 bind to PCNA, an essential accessory factor to DNA polymerase d and e (Cox, 1997) . The results indicate that induction of apoptosis by E1A requires not only the N-terminal and CR1 regions but also the CR2 region. The CR1 and CR2 regions but not the Nterminal region are required for repression of the cyclin D1 promoter activity. E1A was capable of inducing DNA rereplication in G 2 /M arrested cells and the rereplication was enhanced by coexpression with Id-1H. The E1A domains required for induction of DNA rereplication coincide with those required for induction of apoptosis. Possible involvement of cyclin D1 depletion and the roles of p53 and Ids in the induction of apoptosis are discussed.
Results
The E1A domains required for induction of apoptosis in mouse cerebellum cells expressing wt or mutated p53
To determine which domains of E1A are required for induction of apoptosis and to cooperate with Ids, W7 and M13 cells, that are derived from A40 (p537/7) cells and express wt or mutated p53 in response to dex, were transfected with expression vectors for E1A deletion mutants, Id-1H and Id-2H (Figure 1 ) together with pCMV-CD20 encoding a cell surface marker protein. W7 and M13 cells are highly competent for transfection, and at least 20% of the total cells became CD20 positive. The transfected cells were cultivated in the presence and absence of dex and the apoptotic cells generated were quanti®ed using FACS by the amount of the sub-G 1 population which has DNA content less than that of G 1 cells. The growth rate of A40 and M13 cells was not aected by treatment with dex, while that of W7 cells decreased gradually due to expression of wt p53 (Tsunoda et al., 1999) . Typical FACS pro®les obtained at 36 h is shown in Figure 2a . Figure 2b shows average values of the sub-G 1 population after subtraction of the background values. The sub-G 1 population was also generated in control cells (7), to which only the CD20 expression vector was transfected, due to cell damage caused by lipofection procedure. This background value increased gradually after transfection reaching 8 ± 9% at 36 h.
The increase in the sub-G 1 population caused by E1A in W7 cells in the absence of dex (Figure 2b , left) was minor, but stimulated by coexpression with Id-1H and further stimulated by coexpression with Id-1H and Id-2H, although Id-2H alone had no stimulatory activity. Simultaneous expression of wt p53 in the presence of dex stimulated E1A-induced apoptosis regardless of coexpression with Id-1H and Id-2H (Figure 2b , middle), indicating that the stimulatory eect of wt p53 predominates over that of Ids. In contrast, apoptosis induced by E1A alone in M13 cells in the presence of dex (Figure 2b , right) was completely suppressed by expression of mutated p53 as previously shown (Nakajima et al., 1998) . This suppression was overcome by coexpression with Id-1H eciently but poorly with Id-2H, although coexpression of both Id-1H and Id-2H overcome the suppression more eciently. The stimulatory eect of mutated p53 on E1A and Id-induced apoptosis was consistently greater than did wt p53. Coexpression of E1A D17 ± 23 , E1A D25 ± 38 , E1A D54 ± 69 , dl646N and dl922/947 with Id-1H and Id-2H failed to induce apoptosis in W7 and M13 cells irrespective of the expression of wt or mutated p53. E1A D2 ± 16 , however, retained the ability to induce apoptosis and apoptosis induced by E1A D2 ± 16 , Id-1H and Id-2H was stimulated by both wt and mutated p53. The mutant NCdl containing a deletion between CR1 and CR2 could induce apoptosis but to less extent and apoptosis could not be stimulated by coexpression with wt and mutated p53. These results indicate that the N-terminal sequence from positions 17 ± 38, CR1 and CR2 are required for induction of apoptosis but the N-terminal sequence from positions 2 ± 16 is not.
The domains of Id-1H and Id-2H required to cooperate with E1A for induction of apoptosis
The Id-1H and Id-2H domains required to cooperate with E1A were similarly analysed by transfection of W7 and M13 cells with expression vectors for E1A and deletion mutants of Id-1H or Id-2H (Figure 3) . The mutants Id-1H D22 ± 47 , Id-1H D70 ± 100 , Id-2H D5 ± 20 and Id-2H D41 ± 71 containing a deletion in either the N-terminal side or the HLH region were unable to cooperate with E1A to induce apoptosis in W7 cells in the absence of dex (Figure 3, left) . The mutants Id-1H D118 ± 139 and Id-2H D94 ± 114 containing a deletion in the C-terminal side cooperated with E1A as eciently as did Id-1H and Id-2H, respectively. Expression of wt p53 in W7 cells cotransfected with expression vectors for E1A and Id deletion mutants (Figure 3 , middle) stimulated apoptosis but the extents of stimulation were similar to that observed with E1A alone indicating again that the eect of wt p53 predominates over that of Ids. Suppression of E1A-induced apoptosis by mutated p53 was completely overcome by Id-1H D118 ± 139 , slightly overcome by Id-1H D22 ± 47 but not by Id-1H D70 ± 100 (Figure 3, right) . The suppression was similarly overcome by Id-2H deletion mutants but less eciently than did corresponding Id-1H deletion mutants.
The domains of E1A and Ids required for their interaction
To analyse the domains of E1A, Id-1H and Id-2H required for their interaction, W7 cells were transfected with combinations of expression vectors for E1A, Id-1H, Id-2H and their deletion mutants in (Norton et al., 1998) . The HLH motif is present in the box 3. Id-1H and Id-2H mutants containing a deletion are shown below the absence of dex. The cell lysates prepared after 36 h were immunoprecipitated with anti-E1A antibody and aliquots of the immunoprecipitates were analysed for the presence of Id-1H and Id-2H by Western blotting using antibodies speci®c to Id-1H and Id-2H. When the cells were cotransfected with expression vectors for E1A or its deletion mutants, Id-1H and Id-2H (Figure 4a ), Id-1H and Id-2H were coprecipitated eciently with E1A, E1A D2 ± 16 , NCdl and dl922/947, while coprecipitated poorly with E1A D17 ± 23 and E1A D25 ± 38 and not precipitated with dl646N. Id-1H was coprecipitated eciently with E1A D54 ± 69 but Id-2H was not. As shown below, all the E1A deletion mutants were eciently expressed except E1A D54 ± 69 and consisted of at least two species (indicated by the arrows), re¯ecting heterogenous phosphorylation pattern of E1A. The fast-migrating bands observed in the cells transfected with E1A mutants were degradation products. Essentially same amounts of Id-1H and Id-2H were expressed in these cotransfected cells. The result indicates that the N-terminal sequence from positions 17 ± 38 and the N-terminal side of CR1 are required for E1A binding to Ids. When the cells were transfected with expression vectors for E1A and deletion mutants of Id-1H or Id-2H (Figure 4b ), Id-1H D22 ± 47 and Id-1H D70 ± 100 were not coprecipitated with E1A, while a signi®cant amount of Id-1H D118 ± 139 was together with pCMV-CD20. The cells were treated as described in Figure 2 coprecipitated. Similarly, Id-2H D5 ± 20 and Id-2H D41 ± 71 were not coprecipitated with E1A, while Id-2H D94 ± 114 was coprecipitated. The result clearly showed that the N-terminal and HLH regions of Ids are required for interaction with E1A.
The level of cyclin D1 is greatly reduced in rat cells expressing E1A and Ids
The EId10 cell line derived from rat 3Y1 cells express E1A 12S , Id-1H and Id-2H in response to dex and undergoes apoptosis after accumulation in S phase, although the cells express mutated p53. EId10 cells lose viability in a small fraction during cultivation even with dialyzed serum. EId10 cells were therefore recloned and subclones of EId10A and EId10B cells that induce apoptosis eciently in response to dex were isolated (Figure 5a ). Growing cultures of these cells were treated with dex for 48 h and cultivated in the presence of 1 mM hydroxyurea (HU) for 12 h to synchronize the cells in the beginning of S phase ( Figure 5b ). As a control, g12 cells, a parental cell line of EId10, which express only E1A 12S in response to dex and do not induce apoptosis, were similarly synchronized. These cells were then released into complete medium, and analysed for DNA synthesis by incorporation of [ Expression levels of cyclins and PCNA in synchronized EId10A and EId10B cells during progression of S phase were analysed, since expression of cyclin D1 is more or less inhibited by E1A (Ishii et al., 1993) and Id2 (Lasorella et al., 1996) and cyclin D1 associates with PCNA by forming quaternary complex with cyclin-dependent kinase (cdk) and p21 (Xiong et al., 1992) . The levels were similarly analysed in synchronized g12 and YId24 cells as controls. YId24 cell line was established from 3Y1 cells and expresses Id-1H and Id-2H in response to dex. Cell lysates were prepared during progression of S phase and expression levels of cyclin D1, cyclin E, cyclin A and PCNA were quanti®ed by Western blotting with the antibodies speci®c to these proteins (Figure 5c ). The levels of cyclin D1 in EId10A and EId10B cells were very low, while cyclin D1 was expressed at high levels in g12 and YId24 cells throughout S phase. The levels of cyclin E expressed in these cells decreased along with progression of S phase, while those of cyclin A increased. The levels of PCNA in these cells were nearly constant throughout S phase. The levels of cyclin D1 mRNA in EId10A and EId10B cells were much lower than those in g12 and YId24 cells (Figure 5d ).
The domains of E1A and Ids required for repression of the cyclin D1 promoter
To see whether E1A and Ids repress the cyclin D1 promoter activity, subcon¯uent cultures of 3Y1 cells were transfected with pcycD1-luc as a reporter together with expression vectors for E1A, Id-1H and/or Id-2H, and maintained in low-serum (0.5% FCS) medium for 48 h to synchronize the cells in the quiescent state. The cells were then growth-stimulated by replacing the medium with fresh medium containing 10% FCS. Under the conditions, the incorporation of [ 3 H]thymidine into the acid insoluble fraction began to increase steeply after about 12 h. The cell extracts were prepared after serum stimulation and the promoter activity was estimated by luciferase assays (Figure 6a ). The promoter activity of pcycD1-luc began to increase in early to mid G 1 , reaching a maximal level in late G 1 and then decreased. E1A suppressed the promoter activity strongly, while Id-1H and/or Id-2H reduced the activity only slightly. The promoter activity was almost completely suppressed Figure 4 The domains of E1A 12S and Ids required for their interaction in vivo. Subcon¯uent cultures of W7 cells were transfected with expression vectors for (a) E1A mutants and Id-1H or Id-2H and for (b) E1A and Id-1H or Id-2H mutants. The cell extracts (500 mg of protein) were immunoprecipitated with anti-E1A antibody M73 and aliquots of one-®fth of the precipitates were analysed by Western blotting using antibodies to Id-1 C20 (sc-488 Santa Cruz) and Id-2 C20 (sc-489 Santa Cruz) at a dilution of 1 : 1000. The amounts of E1A, Id-1H, Id-2H and their deletion mutants in the extracts were quanti®ed by Western blotting with 5 mg of protein from the extracts. The ®lters were treated with ECL-detection system and exposed to X-ray ®lm. Id-1H and Id-2H detected in the immunoprecipitates (top) and E1A and its deletion mutants immunoprecipitated (middle) are shown by the arrows by coexpression of E1A with Id-1H and Id-2H. The domains of E1A required for repression of the cyclin D1 promoter activity were similarly analysed with expression vectors for E1A deletion mutants ( Figure  6b ). Cotransfection of pcycD1-luc with expression vectors for dl646N or dl922/947 which encode E1A lacking most of CR1 or CR2, respectively failed to repress the promoter activity, while cotransfection with vectors encoding other E1A mutants eciently repressed the promoter activity. Repression of the promoter activity by E1A D2 ± 16 , E1A D17 ± 23 and NCdl was less ecient as compared with E1A D25 ± 38 and E1A D54 ± 69 .
Induction of DNA rereplication in G2/M arrested cells by E1A and Id-1H Cells lacking either p53 or pRB function can undergo DNA rereplication in G 2 /M arrested state resulting in generation of polyploid (Bunz et al., 1998; Di Leonardo et al., 1997; Notterman et al., 1998) . To see whether E1A and Id-1H alone or together can induce DNA rereplication in G 2 /M arrested cells by treatment with spindle-disrupting drugs, growing W7 and M13 cells were transfected with combinations of expression vectors for E1A, Id-1H and their deletion mutants together with pCMVCD20 and treated with dex and Figure 5 Expression levels of cyclins and PCNA in EId10 cells expressing E1A 12S and Ids during S phase. (a) EId10A, EId10B and g12 cells were cultivated in the presence and absence of 10 76 M dex. Viable cell numbers were determined by trypan blue exclusion and expressed as the percentages of the total cell number. (b) Synchronization of EId10A, EId10B and g12 cells in the beginning of S phase. Growing cultures of the cells in 50-mm dishes were treated with dex for 48 h and then with 1 mM HU for 12 ± 16 h after changing the medium. After the release into complete medium, DNA synthesis was analysed by labeling the cells with 4 mCi/ml of [ 3 H]thymidine for 1 h at the times indicated. The radioactivity in aliquots of the cell lysates were counted after TCA precipitation. (c) Expression levels of cyclins and PCNA in EId10A, EId10B and control cell lines during S phase. Aliquots of 50 mg of protein from the lysates were electrophoresed, and the amounts of cyclin D1, cyclin E, cyclin A and PCNA, were analysed by Western blotting. Antibodies to cyclin D1 (72-13G Santa Cruz), cyclin E (M20 Santa Cruz), cyclin A (BF683 Santa Cruz) and PCNA (Ab-1 Calbiochem) were used at a dilution of 1 : 1000. HRP-conjugated anti-mouse IgG was used as the secondary antibody at a dilution of 1 : 5000 except cyclin E, for which HRP-conjugated anti-rabbit IgG was used at the same dilution. (d) Aliquots of 20 mg of total cellular RNA, prepared according to Chomczynski and Sacchi (1987) , were electrophoresed and probed with 32 P-labeled cyclin D1 cDNA Adenovirus E1A-induced apoptosis M Yageta et al nocodazole. Expression of wt or mutated p53 was induced to prevent DNA rereplication elicited by the absence of p53. Growing W7 and M13 cells consisted of about 80 and 60% of G 1 cells and about 10 and 25% of G 2 cells, respectively. After 36 h of transfection, the cells were analysed for their DNA content using¯ow cytometry. Typical FACS pro®les are shown in Figure  7a and average percentages of 44 N cell population containing more than 4 N DNA content are shown in Figure 7b after subtraction of the background values obtained in control cells to which only pCMVCD20 was transfected. The analysis was made at an earlier time to avoid development of cell damage caused by lipofection procedure and nocodazole treatment. By treatment with nocodazole, more than half of the transfected W7 cells were arrested in G 2 /M with 4 N DNA content. Expression of E1A increased 44 N cell population a little but signi®cantly as compared with control cells. This 44 N cell fraction increased further by coexpression of E1A with Id-1H, but Id-1H alone did not increase the 44 N cell fraction. To determine which domains of E1A and Id-1H are required for this activity, E1A mutants were coexpressed with Id-1H, and Id-1H mutants were coexpressed with E1A. Among E1A mutants, E1A D17 ± 23 , E1A D25 ± 38 , E1A D54 ± 69 , dl646N and dl922/947 containing a deletion in either the Nterminal, CR1 or CR2 region, respectively reduced the activity severely, while E1A D2 ± 16 , and NCdl retained the activity. Both Id-1H D22 ± 47 and Id-1H D70 ± 110 but not Id-1H D118 ± 139 lost the ability to cooperate with E1A to induce 44 N cells. A larger fraction of 44 N cells was generated in M13 cells than in W7 cells including control cells, presumably due to expression of mutated p53 instead of wt p53. However, the pattern of the reduction in the abilities of E1A mutants to induce DNA rereplication was essentially the same as that observed in W7 cells expressing wt p53. Id-1H D22 ± 47 and Id-1H D70 ± 100 but not Id-1H D118 ± 139 reduced the activity to cooperate with E1A. These results indicate that E1A and Id domains required for induction of DNA rereplication in G 2 /M arrested cells coincide with those required for induction of apoptosis.
To con®rm the above results obtained with conventional PI analysis, the induction of DNA rereplication by E1A and Id-1H was also analysed by labeling the cells with BrdU. Growing W7 and M13 cells were similarly transfected with the expression vectors and treated with dex and nocodazole. After 36 h, the cells were labeled with BrdU 1 h prior to cell harvest, and stained with anti-BrdU-¯uorescein and anti-CD20-phycoerythrin. Figure 8a Figure 8b after subtraction of the background values. In W7 cells, a fraction of BrdU + cells increased a little but consistently by expression of E1A. The fraction increased signi®cantly by coexpression with Id-1H. The activities of E1A D17 ± 23 , E1A D25 ± 38 , E1A D54 ± 69 , dl646N and dl922/947 to generate BrdU + cells in cooperation with Id-1H were reduced considerably, while E1A D2 ± 16 and NCdl were not inconsistent with the result of PI analysis. The activities of Id-1H D22 ± 47 and Id-1H D70 ± 100 but not Id-1H D118 ± 139 to cooperate with E1A to generate BrdU + cells were reduced severely, and a fraction of BrdU + cells generated was almost the same as that generated by E1A alone. In M13 cells, more amounts of BrdU + cells Figure 6 Eects of E1A 12S and Ids on the cyclin D1 promoter activity. Subcon¯uent cultures of 3Y1 cells were cotransfected with pcycD1-luc and (a) expression vectors for E1A 12S and/or Id-1H, Id-2H, and (b) expression vectors for E1A mutants. The transfected cells were maintained in low-serum (0.5% FCS) medium for 48 h, and growth-stimulated by serum. Luciferase activities were assayed with 100 mg of protein from the extracts. The lowest activity expressed in the quiescent cells (0 h) transfected with pcycD1-luc alone was taken as 1 were generated by E1A and Id-1H relative to that generated in W7 cells, but the abilities of E1A mutants to generate BrdU + cells were essentially the same as those observed in W7 cells. These results suggest that under the conditions, BrdU was incorporated mostly into 44 N cells.
Discussion
In the present study, the domains of E1A required for (1) induction of apoptosis, (2) physical interaction between E1A and Ids, (3) repression of the cyclin D1 promoter activity and (4) induction of DNA rereplication in G 2 /M arrested cells were analysed. The transient expression of E1A deletion mutants with Id, or Id deletion mutants with E1A in W7 and M13 cells with or without simultaneous expression of wt and mutated p53, followed by¯owcytometric analysis revealed that the N-terminal (positions 17 ± 38), CR1 and CR2 regions of E1A are required for induction of apoptosis, while the N-terminus of E1A from positions 2 ± 16 is not as summarized in Figure 9 . Since the N-terminus sequence is required for binding of E1A to p300 (Shikama et al., 1997) , the result suggests that interaction of E1A with p300 is not necessarily required for induction of apoptosis.
Ids have capacity to augment apoptosis, but this function is usually expressed under growth factor de®cient conditions. Id2 induces apoptosis in 32D.3 myeloid cells following IL3 withdrawal, depending on its N-terminal region but not on the HLH region + BrdU + cell population generated in three independent experiments were quanti®ed as the percentages of the total cell population after subtraction of background values (control 7). The cut o line which divides the cells into BrdU + and BrdU 7 was drawn using pCMVCD20 transfected cells maintained in lowserum (0.5% FCS) medium (quiescent state). The line was drawn along the border of the majority of the cells that incorporated smaller amounts of BrdU Figure 9 The functional domains of E1A 12S . The domains required for induction of apoptosis, E1A-Id interaction, cyclin D1 depletion and induction of DNA rereplication are shown by thick bars below the E1A 12S map. The dark bars represent the domain which may not be required (Florio et al., 1998) . Id1 has been recently shown to induce apoptosis in cardiac myocytes under normal growth conditions, but only in these speci®ed cells (Tanaka et al., 1998) . Cooperation of Ids with E1A to induce apoptosis, however, occurred in normal growth conditions in the presence of 10% FCS. The E1A Nterminal sequence (positions 17 ± 38) and CR1 are required for binding to both Id-1H and Id-2H, and the N-terminal and middle HLH regions of both Id-1H and Id-2H are required for this interaction. EId10 cells expressing E1A and Ids accumulate in S phase and undergo apoptosis (Nakajima et al., 1998) . Among several levels of cell cycle genes that are expressed in S phase so far analysed only the level of cyclin D1 was altered and severely reduced in EId10 cells as compared with control cell lines. Repression of the cyclin D1 promoter activity of the luciferase construct is caused through the CR1 and CR2 domains but not the N-terminal sequence. There have been reported opposite results regarding the possible role of cyclin D1 in programmed cell death. Overexpression of cyclin D1 in neurons in the presence of normal growth factors (10% FCS) and in ®broblasts in the absence of growth factors resulted in the induction of apoptosis (Freeman et al., 1994; Kranenburg et al., 1996; Sofer and Resnitzky, 1996) . Conversely, analysis of the relationship between cyclin D1 expression and induction of apoptosis with cyclin D1(7/7) cells showed that elimination of cyclin D1 enhances the sensitivity of cells to radiation resulting in a signi®cant increase in apoptotic cells (Lahti et al., 1997) .
Suppression of cyclin D1 expression seems to be a common feature of nuclear oncogenes that are potent inducers of apoptosis. The level of cyclin D1 was greatly reduced in cells expressing not only E1A but also SV40 large T antigen, papillomavirus E7 (Muller et al., 1994) and Myc (Philipp et al., 1994) . Repression of the cyclin D1 expression by DNA tumor virus oncogene products is likely to be caused through their binding to pRB, since expression of cyclin D1 is induced by pRB (Muller et al., 1994) . The N-terminal side of CR1 seems to be required, since E1A D54 ± 69 is able to repress the cyclin D1 promoter as does wt E1A (Figure 6b ) and the highly homologous sequences among E1A, large T and E7 essential for binding to pRB reside in the N-terminal side from positions 39 ± 49 (Dyson et al., 1989) . Repression of the cyclin D1 promoter by Myc is caused through its small Nterminal region from positions 92 ± 106. Myc antagonizes USF-mediated activation of the cyclin D1 promoter (Philipp et al., 1994) . BALB/C-3T3 cells that express Myc capable of repressing cyclin D1 have a higher percentage of cells in S phase than those that do not. This function of Myc may correlate with our ®nding that the cells expressing E1A and Ids accumulate in S phase.
Cyclin D1 was shown to form a quaternary complex with PCNA, cdk and p21 (Matsuoka et al., 1994; Xiong et al., 1992) , although its biological role has not been clari®ed. Since overexpression of Ids inhibits p21 expression (Prabhu et al., 1997) , the quaternary complex may be formed scarcely in cells expressing E1A and Ids. If cyclin D1 has a function to modulate PCNA function, depletion of cyclin D1 may result in abnormal DNA replication, since PCNA is an essential accessory factor to DNA polymerases d and e (Cox, 1997) . On the contrary, the expression of PCNA (Xu and Morris, 1999), p21 (El-Deiry et al., 1993) and Gadd45 (Kastan et al., 1992) are positively regulated by p53. Gadd45 has been shown to be associated with growth suppression and binds to PCNA (Hall et al., 1995; Smith et al., 1994) as does p21. There have been identi®ed a large number of PCNA-interacting proteins and most of them bind within overlapping regions of PCNA competing for binding each other (Cox, 1997) . Gadd45 binds to PCNA at four discontiguous sites including the N-terminus and competes with cyclin D1 for binding to the N-terminus. Gadd45 also competes with p21 for binding to the middle portion of PCNA. Sequential binding of these proteins with PCNA may be required for regulation of DNA replication and its perturbations may result in abnormal synthesis of DNA. Suppression of cyclin D1 expression by E1A and that of p21 expression by Ids may facilitate the binding of Gadd45 to PCNA. Overexpression of Gadd45 can induce growth arrest and possibly apoptosis (Canman et al., 1995) .
E1A and Id-1H cooperate to induce 44 N cell population in G 2 /M arrest cells expressing wt or mutated p53. The result summarized in Figure 9 clearly shows that the domains of E1A required for induction of DNA rereplication coincide with those required for apoptosis. The absence of pRB function also induces the rereplication in G 2 /M arrested cells (Di Leonardo et al., 1997) and E1A deletion mutants incapable of binding to pRB lose the activity to induce DNA rereplication. PCNA has been shown to have a wide range of activity and might be involved in an S phase checkpoint control. The activity of PCNA is regulated by dierential anity for a number of interacting proteins including cyclin D1, Gadd45 and p21. E1A, Ids and p53 perturb the expression levels of these interacting proteins and thus sensitize the checkpoint control mechanism. Although the mechanism how the inability of mutated p53 to stimulate E1A-induced apoptosis is compensated by Ids is unknown, it is possible that the relative levels of PCNAinteracting proteins which favor apoptosis might be achieved by E1A, mutated p53 and Ids in place of E1A and wt p53.
Materials and methods

Cell lines
g12 was established by introducing rat 3Y1 cells (Kimura et al., 1975) with pMA12SG and express E1A 12S in response to dexamethasone (dex) (Ishii et al., 1993) . The EId10 cell line was established by introducing g12 cells with pMTV-Id-1H and pMTV-Id-2H and express E1A 12S , Id-1H and Id-2H in response to dex. YId24 cell line was established by introducing 3Y1 cells with pMTV-Id-1H and pMTV-Id-2H. These cells were cultivated at 378C in Dulbecco's modi®ed Eagle's minimal essential medium (D-MEM) with 10% fetal calf serum (FCS). For cultivation of EId10 cells and their subclones, dialyzed FCS was used. The A40 cell line was established from the cerebellum of a p53 null mouse. W7 and M13 cell lines were established by introducing A40 cells with the wild type (wt) and mutated (175His) p53 cDNA fused to MMTV-LTR, respectively and express wt and mutated p53 in response to dex (Tsunoda et al., 1999) . W7 and M13 cells were cultivated at 378C in Dulbecco's modi®ed Eagle's minimal essential medium (D-MEM) F-12 HAM without phenol red supplemented with 10 mg/ml insulin, 10 mg/ml transferrin, 10 78 M sodium selenate and 10% dialyzed fetal calf serum (FCS).
Construction of expression vectors for E1A and Id deletion mutants
Expression vector for E1A 12S cDNA lacking codons 2 ± 16 ( Figure 1a ) was constructed by joining two PCR products. The DNA fragment containing E1A codon 1 was synthesized by PCR with pBSK-E1A as the template, and the upstream sense primer T7 containing pBSK sequence and the downstream antisense primer containing codon 1 fused to the EcoRI sequence. The PCR product was cleaved in the pBSK sequence with HindIII and EcoRI and recloned into the multi-cloning site (MCS) of pBluescript SKII(+) to generate pBSK-E1A-1. Another DNA fragment was synthesized with the upstream sense primer containing codons 17 ± 22 fused to the EcoRI site and the downstream antisense primer T3 containing the pBSK sequence fused to the PstI. The product was cleaved with EcoRI and PstI, and inserted into the EcoRI ± PstI site of pBSK-E1A-1 to generate pBSK-E1A D2 ± 16 . pBSK-E1A D2 ± 16 was then cleaved with SalI and BamHI outside the cloning site and inserted into the SalI ± BamHI site of the pHbApr-1 (Gunning et al., 1987) to generate pHbAPr-E1A D2 ± 16 . Transcription of E1A D2 ± 16 cDNA is driven from the human b-actin promoter. pHbAPr-E1A D17 ± 23 , pHbApr-E1A D25 ± 38 and pHbApr-E1A D54 ± 69 were similarly constructed.
The Id-1H cDNA lacking codons 22 ± 47 or codons 118 ± 139 and the Id-2H cDNA lacking codons 94 ± 114 were constructed by cleavage of pBKS-Id-1H and pBKS-Id-2H with two dierent restriction enzymes and religation. pBKSId-1H D22 ± 47 , pBKS-Id-1H D118 ± 139 and pBKS-Id-2H D94 ± 114 were cleaved with HindIII and XbaI and the cDNAs containing the deletion were inserted into the HindIII ± XbaI site, downstream of the CMV promoter of pRc/CMV to generate pCMV-Id-1H D22 ± 47 , pCMV-Id-1H D118 ± 139 and pCMV-Id-2H D94 ± 114 . The Id-1H and Id-2H cDNAs lacking the HLH region and the Id-2H cDNAs lacking codons 5 ± 20 were constructed by joining two PCR products and inserted at the HindIII ± XbaI site of pRc/CMV to generate pCMV-Id-1H D70 ± 100 , pCMV-Id-2H D41 ± 71 and pCMV-Id-2H D5 ± 20 .
Flowcytometric analysis
Subcon¯uent cultures of W7 and M13 cells in 50-mm dishes were transfected with 0.6 mg each of expression vectors for E1A 12S , Id-1H, Id-2H and/or their deletion mutants together with 0.2 mg of pCMVCD20 (Zhu et al., 1993) by lipofection. The cells were then incubated with or without 10 76 M dex. At the times indicated, the cells were stained with FITC-labeled anti-CD20 antibody (B-B6, Biosource International Camarills, CA, USA) and ®xed with 4% formaldehyde. The cells were stained with propidium iodide (PI) containing 0.1% Triton X-100 and treated with 1300 Kunits unit/ml RNase A. A set of cells was transfected with empty vector pCMV-1 alone and similarly stained with anti-CD20 antibody to determine the background. The cell population that showed the¯uorescence intensity over this background was gated and analysed for cell cycle distribution. Under the conditions, approximately 20% of the total cell population became CD20 positive.
When cell cycle analysis was performed by BrdU incorporation, cells were pulsed for 1 h with 100 mM BrdU, harvested and ®xed with 4% formaldehyde. Fixed cells were permeabilized in 0.3% Triton X-100 and denatured in 4 M HCl at room temperature for 10 min. After neutralization in 0.1 M sodium tetraborate (pH 8.5), the cells were blocked in 0.25 M Tris-glycine (pH 7.5) at room temperature for 1 h, and stained with 5 ml of anti-BrdU¯uorescein and 10 ml of anti-CD20 phycoerythrin on ice for 30 min. Cells were washed twice and analysed by¯ow cytometry. The cells were gated based on the expression of CD20.
Immunoprecipitation
The cells (about 10 7 cells) were lysed with 1 ml of lysis buer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.1% NP40) containing 20 units/ml of aprotinin and 2 mM PMSF. The lysates were centrifuged at 8000 g for 20 min and the supernatants (500 mg of protein) were precleared by incubating with 20 ml of protein A-Sepharose with rocking, followed by a brief centrifugation. The supernatant was incubated with 0.5 mg of anti-adenovirus type 2 E1A mouse monoclonal antibody M73 (Santa Cruz) at 48C for 1 h and gently rocked after addition of 20 ml of protein A-Sepharose at 48C for 1 h. The immune complex precipitated by a brief centrifugation and washed eight times with 0.5 ml of wash buer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA) containing 20 units/ml of aprotinin and 2 mM PMSF.
Western blot analysis
Aliquots of protein (50 ± 100 mg) in cell extracts or immunoprecipitates were electrophoresed on 12% polyacrylamide gels with Laemmli running buer. Proteins were electrophoretically transferred to nitrocellulose membranes (BA85, Schleicher & Schuell) and incubated in immunoblotting diluent solution (5% skim-milk, and 0.1% Tween 20 in PBS) at room temperature for 2 h to minimize nonspeci®c binding of antibody. The membrane was incubated with primary antibody at an appropriate dilution at room temperature for 1 h and washed three times in PBS containing 0.1% Tween 20 for 15 min. The membrane was then incubated with secondary antibody at an appropriate dilution at room temperature for 1 h. After washing immune complexes were detected by treating the membrane with ECL-detection system and exposed to X-ray ®lm.
Cyclin D1 promoter assay
Growing cultures of 3Y1 cells in 86-mm dishes were transfected with 8 mg of pcycD1-luc and 4 mg each of the expression vectors for E1A 12S , its deletion mutants, Id-1H and/or Id-2H by the CaPO 4 coprecipitation procedure modi®ed by Chen and Okayama (1987) . Total amount of DNA was adjusted to 20 mg per dish. The cells were maintained in low-serum (0.5% FCS) medium for 48 h and growth-stimulated by serum. At the time indicated luciferase activities were assayed with 100 mg of protein from the cell extract and 100 ml of the luciferin substrate (Nippongene) with an LB9501 luminometer (Berthold).
